The electrochemical behaviour of phenol, catechol, hydroquinone, resorcinol, dopamine, and para-substituted phenolic compounds, 4-ethylphenol, tyrosine, and tyramine, was studied over a wide pH range using a glassy carbon electrode. The oxidation of phenol is pH dependent and irreversible, occurring in one step, and followed by hydrolyse in ortho-and para-positions, leading to two oxidation products, catechol and hydroquinone. The oxidation of phenol oxidation products, ortho-phenol and para-phenol, is reversible and pH dependent. The oxidation potential of para-substituted phenols varies slightly due to their substituent group in position C4, and occurs in one oxidation step corresponding to the oxidation of phenol. The oxidation products of this group of para-substituted phenols are reversibly oxidised and adsorb on the electrode surface.
Introduction
Phenolic compounds represent a large group of biological molecules with a variety of functions in plant growth, development, and defence. Phenolic compounds are a class of chemical compounds consisting of a hydroxyl functional group (-OH) attached to an aromatic hydrocarbon group, with a ring structure like that of benzene. They are also related to the groups of hormones, vitamins, amino acids and antioxidants [1] . Pharmacological studies of phenolic compounds have reported a wide variety of important biological properties such as anti-inflammatory, antibacterial, anticonvulsant, antitumour and antioxidant properties [1] [2] [3] [4] [5] [6] [7] [8] .
These compounds donate hydrogen and the mechanism of their action as antioxidants involves the ability of phenols to scavenge radicals by an H-atom or electron transfer process by which the phenol is converted into a phenoxyl radical [9, 10] . The resulting antioxidant free radical does not lead to formation of another free radical due to the stabilization by delocalization of radical electron [2] .
Several phenols such as tyrosine and tyramine are the building blocks of numerous natural products, including dityrosine, L-dopa and dopamine, and the biosynthesis of these compounds, by oxidative coupling, seems to proceed via a phenoxyl radical [11] .
Investigations of the redox behaviour of biologically occurring compounds by means of electrochemical techniques have the potential for providing valuable insights into the biological redox reactions of these molecules. Due to their high sensitivity, voltammetric methods have been successfully used to study the redox behaviour of various biological compounds. The redox behaviour of phenol derivatives has already been reported at different electrode materials: gold [12, 13] , platinum [12] [13] [14] , carbon [13, [15] [16] [17] [18] [19] , boron doped diamond [20] [21] [22] , mercury drop [23] and Ti/IrO 2 [24] .
Hydroquinone, phenol and benzoquinone species were identified after HPLC analysis of a solution in which phenol was electrolyzed, using a carbon black slurry electrode [18] . The direct oxidation of phenol at a boron doped diamond electrode [21] , in the potential region of water stability, and the indirect oxidation reaction which takes place via electrogenerated hydroxyl radicals active intermediate species, at high applied potentials, was described. Moreover, the complete combustion of phenol to CO 2 was possible or the partial oxidation of phenol to other aromatic compounds, benzoquinone, hydroquinone and catechol, depending on the values of applied current and phenol concentration [21] .
Two oxidation mechanisms were proposed for the electrochemical oxidation of tyrosine. The main oxidation product obtained at high concentrations was characterised as an inhibitor polymeric film, and at low concentrations the oxidation of tyrosine occurred without polymerization [12, 13] .
Although several mechanisms regarding the oxidation of phenol and phenol derivatives were described, more work needs to be done to fully characterize the electrochemical oxidation reactions of these compounds.
The present study is concerned with the investigation of the electron transfer properties of phenol, catechol, hydroquinone, resorcinol, dopamine, and para-substituted phenolic compounds, 4-ethylphenol, tyrosine, and tyramine, using differential pulse and square wave voltammetry at glassy carbon electrode in order to clarify the redox mechanisms of natural or synthetic phenols, The GCE was polished using diamond spray (particle size 1 lm) before each experiment. After polishing, the electrode was rinsed thoroughly with Milli-Q water for 30 s. After this mechanical treatment, the GCE was placed in pH 7 0.1 M phosphate buffer electrolyte and various DP voltammograms were recorded until a steady state baseline voltammogram was obtained. This procedure ensured very reproducible experimental results.
Acquisition and presentation of voltammetric data
All the voltammograms presented were background-subtracted and baseline-corrected using the moving average with a step window of 3 mV included in GPES version 4.9 software. This mathematical treatment improves the visualization and identification of peaks over the baseline without introducing any artefact, although the peak height is in some cases reduced (<10%) relative to that of the untreated curve. Nevertheless, this mathematical treatment of the original voltammograms was used in the presentation of all experimental voltammograms for a better and clearer identification of the peaks. The values for peak current presented in all graphs were determined from the original untreated voltammograms after subtraction of the baseline.
Results and discussion
The oxidation behaviour of phenol and para-substituted phenolic compounds was investigated by cyclic (CV), differential pulse (DP) and square wave (SW) voltammetry at a glassy carbon electrode (GCE) in electrolytes with different pH values. In order to identify the oxidation pathway of phenol and para-substituted phenolic compounds, a comparative study between phenol and 
Phenol

OH
Catechol
OH
Resorcinol Hydroquinone
4-Ethylphenol
OH
Cyclic voltammetry of phenol
The cyclic voltammetric behaviour of phenol was carried out in a solution 30 lM phenol in pH 7.0 0.1 M phosphate buffer, saturated with N 2 , Fig. 1 , and during the voltammetric measurement a constant flux of N 2 was kept over the solution surface in order to avoid the diffusion of atmospheric oxygen into the solution of phenol. In these condition, phenol undergoes oxidation in a single step, peak 1 a , at E p1a = +0.71 V. On the negative-going scan, two reduction peaks occurred peak 3 c , at E p3c = +0.40 V, and peak 2 c , at E p2c = +0.29 V. The cathodic peaks correspond to the reduction of the two phenol oxidation products, ortho-quinone to ortho-phenol (catechol), peak 3 c , and para-quinone to para-phenol (hydroquinone), peak 2 c , Scheme 2A. The second CV scanning in the positive direction, in the same solution and without cleaning the GCE surface, showed two anodic peaks: peak 2 a at E p2a = +0.33 V, and peak 3 a , at E p3a = +0.43 V, indicating the reversibility of peaks 2 c and 3 c . The differences between the anodic and the cathodic peak potentials, |E p2a À E p2c | = 40 mV and |E p3a À E p3c | = 30 mV, close to the theoretical value of 30 mV for a two-electron reversible reaction, confirm the reversibility of both peaks [25] . At the same time, a decrease current of peak 1 a , due to the adsorption of phenol oxidation products, on the GCE surface was also observed. Hydroquinone oxidation peak 2, catechol oxidation peak 3, and para-quinone and ortho-quinone adsorb on the GCE surface forming a non-compact monolayer. Further oxidation of phenol molecules diffusing from the bulk solution towards the electrode, is more difficult because it occurs through the layer of adsorbed para-and ortho-phenol. In all pHs the phenol oxidation occurred in a single step corresponding to oxidation peak 1 a . The oxidation potential of peak 1 a , occurring at E p = +1.02 V in pH 1.0, is pH dependent. The pH dependence is linear following the relationship E p (V) = 1.02 À 0.060 pH, Fig. 3B . The slope of the dotted line, 60 mV per pH unit, showed that the oxidation of phenol at GCE, in aqueous media, involves the same number of electrons and protons [25] . Taking into consideration the width at half height of peak 1 a, W 1/2 $ 100 mV, it can be concluded that phenol oxidation process involves the transfer of one-electron and one proton, and that the peak current has a maximum in neutral electrolytes, Fig. 3B .
Successive DP voltammograms were recorded in a solution of 25 lM phenol in pHs between 1.0 and 12.0. On the second DP scan, recorded in the same solution and without cleaning the GCE, the two anodic peaks 2 a and 3 a appeared. These peaks correspond to the oxidation of phenol oxidation products, ortho-phenol and para-phenol, Scheme 2A. The current of peak 1 a decreased with the number of scans due to the decrease of the available electrode surface area owing to adsorption of phenol oxidation products. The electrochemical behaviour of phenol oxidation products at the GCE surface was also studied for different pH values. After two consecutive DP voltammograms in 25 lM phenol solution in different pH buffer electrolytes, the results for the second DP voltammograms were plotted vs. pH, Fig. 4A .
Peaks 2 a and 3 a were pH dependent, their potential decreasing linearly with the pH of the supporting electrolyte, Fig. 4B . In both cases, the slope of the dotted lines was 60 mV per pH unit, meaning that the number of protons transferred during the oxidation of phenol oxidation product is equal with the number of electrons [25] . The peak width at half height varied between 55 and 65 mV for both peaks corresponding to the transfer of two electrons. Thus, the oxidation mechanism of phenol oxidation products involves the transfer of two electrons and two protons, and the current of the oxidation peaks of phenol oxidation products has a maximum in neutral electrolytes, Fig. 4B .
Two shoulders were observed in the second DP voltammogram recorded in a solution of 25 lM phenol in pHs between 1.0 and 12.0, one before peak 2 and another after peak 3, Fig. 4 . The shoulders of peaks 2 and 3 are due to functional groups of the glassy carbon electrode [26] . Hydroquinone oxidation peak 2, catechol oxidation peak 3, and para-quinone and ortho-quinone adsorb on the GCE surface forming a non-compact monolayer. Further oxidation of catechol molecules diffusing from the bulk solution towards the electrode, is more difficult because it occurs through the layer of adsorbed para-and ortho-phenol. 
Phenol, hydroquinone, catechol, and resorcinol
The electrochemical oxidation of phenol and the benzenediol isomers, hydroquinone, catechol and resorcinol, was studied by DP voltammetry in solutions of 25 lM in pH 7 0.1 M phosphate buffer, Fig. 5A -C. For each compound, two consecutive DP voltammograms were recorded between +0.0 V and +1.0 V in a fresh solution at a clean GCE surface.
In these conditions the phenol oxidation peak 1 a occurred at E p = +0.65 V, involving a mechanism with the transfer of oneelectron and one proton (Section 3.2.1), and the phenol oxidation products peaks 2 a , at E p2a = +0.07 V, and peak 3 a , at E p3a = +0.30 V, Fig. 5A .
The electrochemical behaviour of hydroquinone is very similar to catechol, Fig. 5B and C. For both isomers, only one anodic peak 1 a was obtained in first DP voltammograms, for hydroquinone, at E p = +0.08 V, and for catechol, at E p = +0.20 V. Whereas resorcinol oxidation occurs at a higher potential E p = +0.60 V, Fig. 5D . All oxidation peak currents decrease slightly with the number of scans.
It is well known that hydroquinone and catechol undergo reversible oxidation to quinone by a transfer of two electrons and two protons [27] , and that the meta-quinone compound generated in the first stage of the electro-oxidation of resorcinol is not thermodynamically stable. The higher oxidation potential of resorcinol relative to hydroquinone or catechol is explained by the differences in reactivity of these isomers. The reactivity of the aromatic ring activated with an OH group increases when the OH group is in the ortho or para positions since the highest electron density is located on both ortho and para positions Therefore, hydroquinone and catechol have the aromatic ring activated, while the resorcinol ring is not activated.
Para-substituted phenols and dopamine
In order to determine the electroactive centres of para-substituted phenols, 4-ethylphenol, tyramine and tyrosine, experiments were carried out and the results were compared with those obtained in the electrochemical oxidation of dopamine, the hydroxylation product of tyramine.
The electrochemical behaviour of 4-ethylphenol, tyramine and tyrosine was studied at a GCE, using DP voltammetry, in solutions of 25 lM in pH 7 0.1 M phosphate buffer, Fig. 6A -C. The first and second voltammograms were recorded for each solution.
The first DP voltammograms recorded for all three para-substituted phenols, 4-ethylphenol, tyramine and tyrosine, between +0.0 V and +1.0 V at a clean GCE presented one peak 1 a , at E p1a $ +0.65 V, at the same potential of the oxidation of peak 1 a of phenol. The potential of this peak varies slightly with the substituent at the position C4 of the para-substituted phenols, Fig. 6A -C.
In the first DP voltammograms recorded in a solution of 25 lM dopamine in pH 7.0, two consecutive oxidation peaks, Fig. 6D , were observed. The oxidation of the first peak 1 a , at E p = +0.18 V, is attributed to the oxidation of the catechol group of dopamine in dopaminoquinone. For pH > 5, by Michael addition, dopaminoquinone lead to leucodopaminochrome [28] . Therefore, the oxidation of the second peak 2 a , at E p2a = +0.88 V, corresponds to the oxidation of the leucodopaminochrome species formed in electrolytes with pH > 5.0.
The second DP voltammograms recorded for 4-ethylphenol, tyramine and tyrosine, in the same solutions and without cleaning the GCE, all showed the new oxidation peak 2 a , at a lower potential close to the value of the first oxidation peak 1 a of dopamine.
These experiments showed that the oxidation of 4-ethylphenol, tyramine and tyrosine, occurs by a similar one electron transfer mechanism followed by hydrolyse after the first oxidation product, and forming an oxidised catechol group in their quinone species, Scheme 2B. The oxidation of the para-substituted phenols oxidation products at peak 2 a corresponds to the oxidation of this catechol group. The small differences in the oxidation potentials and currents observed between these compounds are due to the presence of different substituents in the para position of the phenol molecule but do not alter the oxidation pathways.
3.3. Square wave voltammetry 3.3.1. Phenol, hydroquinone, catechol and resorcinol SW voltammograms recorded in a solution of 25 lM phenol in pH 7 0.1 M phosphate buffer, showed similar features to DP voltammetry, oxidation peak 1 a , at E p1a = +0.66 V, Fig. 7A , and the second SW voltammogram showed two reversible peaks, peak 2 a , at E p2a = +0.08 V and peak 3 a , at E p3a = +0.33 V, corresponding to the oxidation of the oxidation products of phenol, Fig. 7B .
A greater advantage of SWV is the possibility to see during only one scan if the electron transfer reaction is reversible or not [25] . Since the current is sampled in both positive and negative-going pulses, peaks corresponding to the oxidation and reduction of the electroactive species at the electrode surface can be obtained in the same experiment.
Thus, the irreversibility of phenol oxidation peak 1 a was confirmed by plotting the forward and backward components of the total current, Fig. 7A , and the forward component showed the peak at the same potential and with the same current as the total current obtained, and on the backward component no cathodic peak occurred.
The second SW voltammogram recorded in the solution phenol and without cleaning the GCE, showed the occurrence of two reversible peaks 2 a and 3 a , Fig. 7B . Plotting the forward and backward components of the total current, the oxidation and the reduction currents and potentials showed a similar value which confirms the reversibility of both peaks. The peak potentials are identical to those of catechol, Fig. 7C, and hydroquinone, Fig. 7D , confirming the formation of dihydroxybenzene species in ortho e para position in the oxidation of phenol.
The first SW voltammogram in a solution of 25 lM resorcinol in pH 7.0 0.1 M phosphate buffer, shows an irreversible oxidation peak 1 a occurring at an oxidation potential similar with that of phenol, E p = +0.65 V, Fig. 7E , that after undergoes hydrolysis. On the second SW voltammogram in resorcinol solution, without cleaning the GCE, a new peak 2 a appeared at a lower potential, E p = +0.08 V, Fig. 7F , corresponding to the oxidation of resorcinol oxidation product. The new peak has an identical potential on the forward and backward components confirming the reversibility of the resorcinol oxidation products adsorbed on the GCE surface.
Tyramine and dopamine
The first SW voltammogram recorded in a solution of 25 lM tyramine in pH 7.0 0.1 M phosphate buffer, Fig. 8A , showed similar features to the first SW voltammogram recorded in a solution of phenol, the irreversible oxidation peak 1 a , at E p = +0.62 V, and in the second SW voltammogram the occurrence of peak 2 a , at E p = +0.20 V, Fig. 8B .
The differences between the oxidation products of phenol and tyramine are explained because the para-position in the aromatic ring of tyramine is occupied. Plotting the forward and backward components of the total current, the oxidation and the reduction currents and potentials showed a similar value confirming the reversibility of peak 2 a , and the adsorption of tyramine oxidation product on the GCE surface.
The first SW voltammograms recorded in a solution of 25 lM dopamine in pH 7.0 0.1 M phosphate buffer, Fig. 8C , showed a reversible peak 1 a , at E p = +0.20 V, which corresponds to the oxidation of the catechol group in this quinone species. The identical potential of reversible peak 2 a of tyramine and peak 1 a of dopamine indicates that after oxidation tyramine is hydrolysed to an oxidised catechol species.
Oxidation mechanisms of phenol and para-substituted phenol
The anodic behaviour of phenol was investigated using CV and DP voltammetry. The CV study, although not so sensitive as DP voltammetry, was very important as it enabled rapid screening of the reversibility of electron transfer processes occurring and of the formation of electroactive products. DP voltammetry was more sensitive than CV and very important to clarify the electron transfer processes, showing when they were coupled with simultaneous proton transfer and the formation of electroactive products.
In order to understand the redox mechanism of phenol, its electrochemical behaviour was compared with the electrochemical oxidation of the benzenediol isomers hydroquinone, catechol and resorcinol. Phenol is oxidised in a one-electron and one proton , pulse amplitude 50 mV; I t -total current, I f -forward current, I b -backward current.
step, peak 1 a , to a phenoxy radical which is not thermodynamically stable and can exist in three isomeric forms, Scheme 2A. The highest spin density of this radical is in the ortho-and parapositions. Therefore, the meta position is not favored for any kind of chemical reaction and is followed by stabilisation of the phenoxyl radical by hydrolysis at a high potential, phenol oxidation peak 1 a , resulting in the formation of two electroactive products, ortho-quinone and para-quinone. The two products are electrochemically reversibly reduced in a two-electron and two-proton mechanism, the ortho-quinone to catechol, peak 3 c , and the para-quinone to hydroquinone, peak 2 c .
Considering all the data presented, the electrochemical oxidation mechanism of phenol at GCE leads to two oxidation products, hydroquinone and catechol, and can be described by an electrochemical-chemical (EC) mechanism, Scheme 2A.
Taking into account the phenol EC mechanism, the oxidation pathways of para-substituted phenols is also explained by an EC mechanism, but only involving a catechol species, since their para position is always occupied in the substituted phenols, Scheme 2B.
Conclusions
The electrochemical behaviour of phenol, catechol, hydroquinone, resorcinol, and dopamine, and para-substituted phenolic compounds, 4-ethylphenol, and tyrosine, tyramine, was investigated by voltammetric techniques at GCE, in order to determine and identify the electroactive centre and the oxidation pathways of these compounds. The voltammetric behaviour of phenol was studied over a wide pH range, is irreversible, occurring in one step with the transfer of one-electron and one proton, undergoes hydrolysis and leads, in a EC mechanism, to two oxidation products, ortho-quinone and para-quinone, which are reversibly oxidised in a pH dependent mechanism.
The para-substituted phenolic compounds, 4-ethylphenol, tyramine and tyrosine, had different substituents at the position C4 of phenol, so they can only be oxidised in the ortho position to a catechol type species. They present one oxidation peak corresponding to the oxidation of phenol, adsorb on the electrode surface and further oxidation involves only a reversible peak instead of two for phenol. Taking into consideration all electrochemical studies performed, it can be concluded that the electrochemical behaviour of these para-substituted phenolic compounds occurs in the phenol group and the EC mechanism was proposed. , pulse amplitude 50 mV; I t -total current, I f -forward current, I b -backward current.
